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This study tackles the integration of six important se-
lected forest values (soil conservation, carbon sequestra-
tion, visual quality, timber, water and oxygen production) 
into a linear programming-based forest management plan-
ning model. All forest values were functionally linked to 
forest stand characteristics, and a number of forest man-
agement strategies were developed to evaluate the trade-
offs among forest values. The outputs of each strategy are 
evaluated with a number of performance indicators, such as 
standing timber volume, harvested volume, ending forest 
inventory, areas harvested and basal area. The management 
strategies indicated that long-term protection of forest eco-
systems played an important role on the amount of carbon 
sequestration, soil conservation and visual quality values. 
The integration of timber volume policy constraints into 
timber-based forest management planning caused losses in 
timber volumes. Increased net carbon sequestration and de-
reased soil losses were attained at a significant cost, in 
terms of forgone timber harvest. Soil losses and water pro-
ductions of forest ecosystems decreased, when residual 
basal area of forest stands increased. Clear-cuttings of forest 
stands have negative effects on visual quality. Higher tim-










Traditionally, forests present a number of values in 
most cases. These values include various goods and ser-
ices, such as protection of the soils, activities linked with 
recreation, regulation of water resources and presentation 
of various timber products. The quality and quantity, or both, 
of such goods and services from a forest depends on a wide 
range of forest characteristics (e.g. stand structure, spatial  
 
distribution, tree species composition, and developmental 
stage). However, not every possible characteristic has a re-
levant influence on a given good or service [1, 2]. 
In recent years, the meaning of sustainable forest man-
agement has broadened from sustained yield management 
including additional features like the quality of forest op-
erations, biodiversity, multiple use and quality of life. As 
the concept of multiple forestry use became more widely ac-
cepted, forest planning was practiced based on a more holis-
tic approach where the multiple uses of the forests were 
considered simultaneously [3-15]. While multiple use of 
forestry is accepted as a sound and viable forest manage-
ment policy, there is still a need to develop planning mod-
els that adequately consider the multiple uses of the forest, 
and the multiple objectives or purposes of the forest users 
[7, 16, 17]. 
Numerical methods enable more efficient and more de-
tailed timber production planning than simple regulation 
methods. However, mathematical methods require that all 
goals must be expressed numerically. The lack of numerical 
measures for several goal variables has greatly reduced the 
possibilities for using numerical search and optimization 
methods in multiple-use forest management planning [16]. 
The outputs of non-timber goods and services, in general, 
depend on quantity and structure of the forest. However, a 
forest state most suitable for the production of one good or 
service is usually not optimal with respect to another good 
or service. Typically, there is not a set of management ac-
tivities that simultaneously maximizes the outputs of tim-
ber and all other goods and services [1, 16, 18]. The many 
difficulties connected to the numerical measurement of non-
wood forest outputs should not be used as an excuse for 
not using numerical models and numerical optimization. 
Numerical predictions and solutions of problem optimiza-
tion usually tell part of the truth. The solution proposed by 
optimization is efficient, if the models and assumptions are 
correct [16, 19]. 
This study presents a multi-objective forest manage-
ment model focusing on the interactions of timber, water, 
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oxygen production, soil conservation, visual quality and car-
bon sequestration benefits in a forest ecosystem. Firstly, all 
forest values are quantified numerically depending on for-
est structure. Secondly, a number of forest management 
strategies with various objectives and constraints based on 
linear programming are developed. Finally, the results are 
presented and evaluated with a number of performance in-
dicators, such as the amounts of forest values, standing 
timber volumes, basal areas and age class structure.  
 
 
MATERIALS AND METHODS 
Forest ecosystem characteristics 
In context of this paper, 643 ha forested area consist-
ing of spruce (Picea orientalis) stands, which is located in 
Artvin Forest Planning Unit (AFPU), are considered to mul-
ti-objective forest management planning. The initial age 
class distribution of forest area is given in Table 1. The 
initial growing stock of spruce is 258 687 m3. Forest area 
consists of 185 stands (polygons or sub-compartments) that 
are subject to certain management interventions. Each stand 




 Initial age-class structure of the forest planning area. 








Total (ha) 643 
 
 
Forest ecosystem values 
Timber production: A forest stand yields positive re-
turns from harvesting only after reaching a minimum age. 
The volume of saleable timber increases with time but at a 
decreasing rate. The timber growth function depends on the 
species as well as the location. Timber yields used here are 
estimated using the empirical yield tables of Ercanlı [20] 
for spruce (Picea orientalis). In calculating volumes of 
various timber assortments (sawlogs, mining pole, indus-
trial wood and firewood.), as a result of clear-cutting and 
thinning at any age, are determined by product rates of stand 
age and mean stand diameter of the relevant species [21]. 
Different species and site qualities result in a different pro-
portion of timber to forest products, even for the same spe-
cies. 
 
Soil conservation: The service of the forest ecosystems 
for soil conservation is critical because it prevents soil ero-
sion into rivers and protects farmlands. In addition, forest 
ecosystems can prevent a considerable loss of organic and 
inorganic material from occurring by retaining soil erosion. 
The service of soil erosion for forest ecosystems varies sig-
nificantly with the differences in some characteristics of 
forest vegetation, such as tree species, basal area, mean 
diameter of stand, standing timber volume, and number of 
stems. In this study, the amount of soil conserved by forest 
ecosystems was estimated using the relation developed for 
AFPU by Yolasığmaz [22]. In determining soil losses of 
forest stands, he used the Universal Soil Loss Equation 
which includes some important parameters, such as rainfall 
erosivity factor, soil erodibility factor, slope length factor, 
slope factor and cover management factor [23]. The equa-
tion is as follows: 
)*0488.0(*437.30 BAeSL −=                                    (1) 
where SL is the amount of soil erosion/loss (tons/ha/ 
year, and BA is the  residual stand basal area (m2/ha), and 
e :2.71828. 
 
Water production: The majority of the world’s scarce 
freshwater resources originate from forest ecosystems, 
which play an important role in the quantity and quality of 
surface and ground-water systems. Several characteristics 
of forests aid in the production of clean water, critical to 
the sustenance of human life. The influences of forests and 
forest clearfelling on water supplies have long been a con-
cern in the studies of catchment management. Paired catch-
ment studies have been used as a method to assess the ef-
fects of vegetation removal on stream-flow responses in-
cluding low-flows and peak-flows, but particularly annual 
water yield [24]. Paired forested catchment studies made in 
various regions showed that reduction of forest-cover in-
creases water yield, or establishment of forest-cover on 
sparsely vegetated land decreases water yield [24-28]. 
The water production of forest ecosystems have been 
affected by a number of stand parameters, such as tree 
species, crown closure of stands, basal area, mean diame-
ter of stand, number of stems, standing timber volume and 
leaf area index of trees. The water production response 
function used in this paper is an equation developed for 
AFPU by Yolasığmaz [22], for conifers in the case study 
area. In that study, water production of forest ecosystems 
is linked to stand basal area, an important parameter in 
determining water produced in forest ecosystems [29, 30]. 
The equation is as follows: 
BAeWP *0232.0*181.475 −=                                  (2) 
where WP  is the annual water production (tons/ha), 
and BA  the residual stand basal area (m2/ha), and e  = 
2.71828. 
 
Carbon sequestration: Forests play an important role 
in the global carbon budget both as carbon sinks and CO2 
emitters. Forest production influences the flow of carbon, 
as CO2, in and out of the atmosphere, by two processes. The 
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former represents the biomass growth in living trees (in CO2 
equivalents) due to photosynthesis, while the latter repre-
sents the biomass decay of the wood (in CO2 equivalents), 
as a consequence of natural mortality or human-related 
removals and end uses [6]. Analysis of carbon flows and 
pools in a forest ecosystem can be carried out at different 
scales by different modelling approaches, and can include 
a smaller or greater number of carbon cycle components. 
In this paper, net carbon sequestration in forest is consid-
ered and calculated as the difference between the carbon 
captured by the biomass and that emitted, according to the 
different uses of the timber harvested. 
In this paper, biomass for each stand was calculated us-
ing allometric equations which are used in Turkish forestry 
and forest management [22, 31]. The carbon emissions from 
various forest products were also taken into consideration 
and estimated in this study, based on the lifetime of wood 
products for spruce species. The lifetimes of wood prod-
ucts suggested in the literature are 50 year for sawlogs, 40 
years for mining pole, 15 years for boards, 1 year for fire-
wood, and only a period for bark and harvest residues [14, 
32-34]. Calculations for decomposition were made by ap-
plying the methodology proposed by Masera et al. [35]:  
)1(*1 mmtmt aCpCp −=+                                     (3) 
where mtCp  is the carbon stored in a wood product m 
at time t, and ma is the share of the product that decom-
poses each year.  
 
Oxygen production: Forests produce oxygen in re-
sponse to the consumption of CO2 as part of photosynthe-
sis. In this study, we adopted a method similar to Puhalev 
[36], Guo et al. [37], and Asan et al. [31]. The method 
based up on the formula of photosynthesis and respiration. 
At first, when forests have produced 1 ton of dry material, 
we determined the amount of CO2 absorbed and oxygen 
released by them on this formula basis. Next, according to 
the amount of local forestry production per year, we calcu-
lated the amount of carbon fixed and oxygen released by 
forests per year. The formula of photosynthesis and respira-
tion is as follows: 
CO2 (264 g) + H2O (108 g) → C6H12O6 (180 g)  
+ O2 (193 g)                                                              (4) 
According to equation 4, forest absorbs 264 g CO2 to 
produce 162 g dry material. In other words, it needs 1.63 g 
CO2 and releases 1.2 g oxygen to form 1 g dry material. 
 
Visual quality: Visual quality is one of the main bene-
fits of forests and trees. Forest ecosystem characteristics are 
preferred differently by residents or visitors. Diverse forests 
and green spaces are found to be most attractive. They pro-
vide a place for different kinds of activities and social func-
tions. Visual quality benefits deal with people experienc-
ing different colors, structures, forms and densities of forest 
ecosystem. They have impacts on a person’s mental and 
emotional state. The different approaches to integrate vis-
ual quality benefits into forest planning include visual pref-
erence studies, preference modelling, visualization and 
socio-economic studies [38-40]. The information related to 
landscape preferences can be directly used in forest pan-
ning by creating suitable management alternatives for for-
ests. The advantage of preference models is that they can 
be linked directly to forest planning systems, because they 
are in numerical form.  
In this paper, the relationship between stand structure 
and visual quality in a forest consisting of spruce and beech 
stands, developed for the same forest region by Gül and 
Kurdoğlu [41], was used. These authors took lots of slides 
to determine the visual quality of stands. In addition, some 
stand parameters in sample areas were measured. All slides 
were evaluated by students of the Faculty of Forestry (in-
cluding students from departments of forest engineering, 
landscape architecture and industrial forest engineering). 
Each student rated the visual quality of each slide by using 
a scale from 0 (very poor) to 9 (very good). Finally, the 
following relationship between visual quality and stand 
characteristics was found.  
DVQ 0719662.090085.1 +=                           (5) 
where VQ is the visual quality index of forest stands, 
and D the mean diameter of stands (cm). 
The visual quality for forest ecosystems varies signifi-
cantly with the differences in some characteristics of forest 
vegetation, such as tree species, crown closure, basal area, 
mean diameter of stand, standing timber volume and num-
ber of stems. In this study, only one parameter (mean di-
ameter of stand) has been taken into consideration, because 
a noticeable study was made in the study region by Gül and 
Kurdoğlu [41]. Furthermore, stand diameter area is easy to 
use in forest management planning studies. 
 
Forest management planning model 
This paper examines the optimal forest management 
strategies for such a management unit (part of AFPU) that 
yields timber, water, oxygen, carbon, soil conservation and 
visual quality benefits. The linear programming technique 
is used to help in solving complex problems with manage-
ment objectives and numerous constraints. A typical plan-
ning horizon of 100 years, divided into 10 periods of equal 
length, is considered. All forest values and stand character-
istics are calculated at stand (sub-compartment) level. The 
possible management interventions are thinning, clear-cut-
ting, and no treatment. All treatments are assumed to take 
place in the middle of each period. It was assumed that re-
generation follows immediately after harvesting. The mini-
mum ages of final harvest for spruce are 90 and 100 years 
for good and other sites, respectively. However, there is no 
limit on the maximum age before which a stand must be 
harvested. Regenerated areas are assumed to develop ac-
cording to empirical yield tables. Growth and yield projec-
tion of actual stands is forecasted according to typical simu-
lation of growth potentials of stands. Although it is possible 
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to produce a number of forest management strategies by 
means of the model developed in this paper, the following 
forest management strategies (Table 2) are in-troduced to 
illustrate the tradeoffs among forest ecosystem values.  
 
 
RESULTS AND DISCUSSION 
The timber productions of forest management strate-
gies including clear-cutting and thinning harvests are shown 
in Table 3. Among the strategies to maximize total timber 
production over the planning horizon, strategy T1 was the 
best one with 500,131 m3. Compared to T1, total timber 
production over planning horizon in strategy T2 decreased 
by 11% because of even timber flow constraint. As ex-
pected, the integration of regulatory constraints into tim-
ber-based forest management planning caused losses in both 
economic profit and timber volume [42-45]. The results also 
indicated that volume of timber production decreased when 
soil conservation or a carbon-target was incorporated into 
forest-management planning in strategies T3 and T4. Total 
timber production was decreasing by 38% or 37% in T3 or 
T4. Interestingly though, 327.3 ha area was harvested in the 
last period of strategy T3 because long-term protection of 
forest ecosystems managed to timber production had posi-
tive impacts on some forest values, especially soil conser-
vation. On the contrary to strategy T3, 382.5 ha area was 
harvested in the first two periods of strategy T4. This result 
showed that plant growth rates determine how rapidly car-
bon is removed from the atmosphere. Because spruce is 
characterized by higher initial growth rates in the early 
periods, more mature forests are to be harvested in these 
periods resulting in more carbon sequestration. Results from 
the studies of some other researchers also showed that tim-
ber values decreased when carbon was objectively incor-
porated into forest management model [6, 12, 15, 46, 47]. 
 
Soil losses of forest-management strategies over plan-
ning horizon are shown in Table 4. The base-case strategy 
S1 to minimize total soil loss over planning horizon pro-
duced the lowest soil loss with 178,030 tons. This strategy 
showed that the area with no management was total forest 
area, namely, there was no area allocated to harvest. Total 
soil loss increased by 66%, when a timber target with 
300,000 m3 was incorporated into S1, in strategy S2. Simi-
lar to strategy T3, 317.5 ha area to achieve timber target 
was harvested in the last period because long-term protec-
tion of forest decreased the amount of soil losses. In addi-
tion, the results of strategies S1 and S2 can be explained 
by the fact that soil losses of forests decrease as residual 




TABLE 2 - Linear programming-based forest-management strategies. 
Strategies Objective Constraint 
T1 Total wood production (max) - 
T2 Total wood production (max) Even flow of timber between periods 
T3 Total wood production (max) Total soil loss <= 300 000 
T4 Total wood production (max) Total carbon sequestration >= 40 000 
S1 Total soil loss (min) - 
S2 Total soil loss (min) Total wood production >= 300 000 
W1 Total water production (max) - 
W2 Total water production (max) Total soil loss <= 400 000 
C1 Total carbon sequestration (max) - 
C2 Total carbon sequestration (max) Total wood production >= 300 000 
O1 Total oxygen production (max) - 




TABLE 3 - Timber production of forest-management strategies including thinning and clear-cutting harvests over time (m3). 
Strategies Periods 
T1 T2 T3 T4 S1 S2 W1 W2 C1 and VQ1 C2 O1 
1 24 406 44 623 8 433 109 933 0 8 148 24 482 23 204 734 101 654 118 074
2 23 072 44 623 8 730 72 740 0 8 439 46 713 26 948 4 168 68 359 100 747
3 14 512 44 623 8 987 7 202 0 8 691 15 950 31 367 0 7 202 9 221
4 23 597 44 623 9 208 15 935 0 8 906 70 589 34 168 8 261 15 749 41 796
5 16 478 44 623 9 395 19 477 0 9 089 74 352 13 780 295 19 055 23 583
6 17 276 44 623 9 559 28 936 0 9 249 25 765 19 990 461 28 395 38 792
7 18 162 44 623 9 705 12 182 0 9 392 95 262 12 724 1 061 11 581 14 398
8 18 895 44 623 9 831 13 960 0 9 514 55 334 13 431 1 471 13 311 28 041
9 19 347 44 623 9 944 15 958 0 9 625 8 451 14 041 1 638 15 272 18 490
10 324 386 44 623 224 456 20 141 0 218 947 12 172 181 002 1 767 19 423 20 160
Total 500 131 446 226 308 249 316 464 0 300 000 429 068 370 655 19 856 300 000 413 302
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TABLE 4 - Soil losses of forest-management strategies over time (x10 tons).  
Strategies Periods T1 T2 T3 T4 S1 S2 W1 W2 C1 and VQ1 C2 O1 
1 4 132 5 339 3 240 9 138 3 149 3 235 3 836 3 772 3 208 8 792 9 389
2 4 377 6 382 2 852 11 142 2 692 2 845 4 848 3 926 3 117 10 717 12 396
3 3 519 6 518 2 534 7 183 2 319 2 523 4 174 4 111 2 571 6 963 8 028
4 3 547 6 561 2 268 4 788 2 008 2 255 6 030 4 304 2 796 4 707 6 244
5 2 900 5 984 2 041 3 824 1 745 2 026 8 137 3 452 2 145 3 784 4 871
6 2 327 5 264 1 845 3 901 1 520 1 829 6 503 3 104 1 495 3 871 4 866
7 2 042 4 647 1 676 2 665 1 326 1 658 8 988 2 584 1 145 2 639 3 263
8 1 929 4 632 1 528 1 712 1 158 1 509 9 319 2 220 976 1 688 2 740
9 1 848 4 710 1 399 1 293 1 013 1 379 5 513 2 003 842 1 270 2 000
10 16 614 5 075 10 618 1 240 873 10 326 2 807 10 524 722 1 218 1 531




TABLE 5 - Residual basal areas of forest-management strategies over time (m2). 
Strategies Periods T1 T2 T3 T4 S1 S2 W1 W2 C1 and VQ1 C2 O1 
1 25 239 23 182 26 812 17 017 27 632 26 839 25 201 25 347 27 560 17 761 16 191
2 25 314 21 432 28 261 13 001 29 899 28 316 23 103 25 034 29 389 14 020 9 584
3 26 751 20 773 29 631 18 234 32 091 29 715 24 103 24 649 31 706 19 068 14 823
4 27 610 21 101 30 940 24 284 34 224 31 051 20 360 23 978 33 321 24 866 18 820
5 29 052 21 887 32 202 28 275 36 317 32 341 16 563 25 660 35 859 28 744 23 090
6 30 417 22 776 33 438 30 044 38 387 33 604 18 288 26 752 38 554 30 501 24 453
7 31 648 23 972 34 644 33 397 40 433 34 839 15 100 28 421 41 167 33 868 28 304
8 32 390 24 684 35 834 36 429 42 467 36 057 15 509 29 758 43 333 36 928 30 410
9 33 014 25 306 37 008 38 807 44 492 37 259 21 358 30 925 45 412 39 345 33 016




TABLE 6 - Water productions of forest-management strategies over time (x10 tons). 
Strategies Periods T1 T2 T3 T4 S1 S2 W1 W2 C1 and VQ1 C2 O1 
1 132 953 146 867 122 557 189 726 119 995 122 454 131 017 130 131 120 577 185 374 193 468
2 134 433 159 140 115 803 216 147 110 977 115 606 143 414 131 820 115 180 210 445 233 326
3 124 799 162 274 109 823 175 897 102 960 109 541 136 338 134 031 105 803 172 129 190 208
4 122 139 161 377 104 462 141 635 95 748 104 099 158 648 136 859 103 368 139 650 164 893
5 113 902 155 120 99 587 123 848 89 183 99 150 183 815 126 384 93 196 122 560 143 154
6 106 203 147 362 95 100 119 929 83 147 94 594 168 584 120 696 82 505 118 802 139 160
7 100 763 139 306 90 965 103 190 77 590 90 396 193 601 112 479 74 174 102 127 117 913
8 98 065 137 173 87 126 88 983 72 443 86 497 195 023 106 340 68 700 87 935 108 561
9 95 956 136 190 83 557 80 223 67 670 82 872 153 610 101 710 63 927 79 165 96 515
10 269 845 137 125 194 780 77 032 62 707 190 896 116 509 197 953 59 188 75 943 88 595




Water productions of forest-management strategies over 
planning horizon are shown in Table 6. The base-case strat-
egy W1 maximized total water production over planning 
horizon at the highest rate with 15,805,590 tons. Strategy 
series (T1-T4) to maximize total timber production over 
planning horizon and the strategies including timber pro-
duction targets (S2 and C2) just followed strategy W1 in 
view of total water production. Total water production de-
creased by 18%, when a soil loss target was incorporated 
into W1, in strategy W2. Results also showed that total 
water production of forest ecosystems decreased with the 
increase of residual basal forest area (Table 5). When a part 
of a forest is harvested, the hydrology of the forested wa-
tershed changes because harvesting alters the tree canopy 
and modifies evapotranspiration characteristics.  
Net carbon sequestrations of forest management strate-
gies over planning horizon are shown in Table 7. Strate-
gies C1 and VQ1 sequestered the highest total carbon vol-
ume with 65,477 tons, followed by S1 with 63,844 tons. 
Total carbon sequestration decreased by 35% when timber 
target with 300,000 m3 was incorporated (strategy C2). Re-
sults of forest-management strategies showed that standing 
timber volumes increased when the objective was to maxi-
mize carbon benefit (Table 8). Results also showed that 
some of the stands potentially candidates for harvesting 
were not harvested, because they were allowed to age over 
the planning horizon to achieve carbon objectives (Table 9). 
For example, total area of stands over 100 years for strate-
gies C1 and C2 were 584.6 ha and 138.3 ha, respectively. 
Studies related to optimize timber and carbon values also 
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showed that carbon values decreased with timber targets, 
when carbon value was maximized [6, 12, 15, 46, 47]. 
Oxygen production rates of forest-management strate-
gies over planning horizon are shown in Table 10. With 
strategy O1 the highest total oxygen production was 
achieved, followed by strategies T4 and C2. Results of all 
forest-management strategies showed that the cutting peri-
ods of forest stands have affected the amount of oxygen 
production. Because higher plant growth rates resulted in 
more oxygen production, more mature spruce forests were 
harvested over planning horizon (Table 9).  
Visual quality indexes of forest-management strategies 
over planning horizon are shown in Table 11. When the 
results of all strategies, especially that of VQ1, C1 and S1, 
were examined, it can be shown that long-term forest pro-
tection of forest ecosystems positively affected the visual 
forest quality. In this case, some of the stands potentially 
candidates for harvesting were allowed to age as shown in 
Table 9, and, therefore, these non-harvested stands caused 
more visual quality. The visual impact of a clear-cutting is 
notable, especially when a mature stand is regenerated. 
Silvennoinen et al. [48] indicated that the effect of regen-
erative cuttings on visual quality was negative while the 




TABLE 7 - Net carbon sequestrations of forest-management strategies over time (tons). 
Strategies Periods T1 T2 T3 T4 S1 S2 W1 W2 C1 and VQ1 C2 O1 
1 756 -1 781 2 796 -9 355 3 865 2 830 731 943 3 776 -8 427 -10 443
2 3 187 -288 5 846 -7 174 7 344 5 896 481 2 730 6 747 -6 227 -11 053
3 4 206 -182 5 293 3 595 7 057 5 351 2 109 1 655 6 967 3 887 1 671
4 3 437 362 4 801 7 884 6 842 4 869 -3 308 111 6 106 7 884 4 104
5 3 622 694 4 441 6 846 6 677 4 516 -6 339 2 171 6 810 6 890 4 872
6 3 998 1 126 4 270 6 534 6 561 4 345 -993 2 481 7 374 6 503 4 726
7 3 883 2 060 4 125 8 690 6 467 4 201 -4 458 3 370 7 422 8 641 8 319
8 3 166 1 587 4 005 8 712 6 396 4 083 -3 397 3 806 6 884 8 720 7 054
9 2 917 1 302 3 910 7 902 6 340 3 988 5 230 3 874 6 811 7 953 7 452
10 -29 172 1 490 -18 052 6 367 6 295 -17 448 9 944 -13 608 6 578 6 452 6 709




TABLE 8 - Standing timber volumes of forest-management strategies over time (m3). 
Strategies Periods T1 T2 T3 T4 S1 S2 W1 W2 C1 and VQ1 C2 O1 
1 249 412 229 195 265 384 163 884 273 817 265 669 249 336 250 614 273 083 172 164 155 744
2 255 592 214 223 285 407 121 785 302 571 285 984 231 269 252 311 297 730 134 481 85 611
3 272 013 204 385 304 049 160 714 330 200 304 922 243 721 249 388 325 948 172 565 122 798
4 281 622 202 029 321 628 208 282 356 987 322 803 204 827 244 719 346 195 218 487 147 625
5 298 084 204 150 338 373 248 496 383 128 339 855 163 612 261 854 375 041 257 642 187 614
6 313 954 209 937 354 501 272 113 408 815 356 293 176 142 274 473 405 054 280 875 205 772
7 328 995 217 618 370 114 311 315 434 133 372 219 129 693 293 598 435 054 320 006 248 114
8 340 721 223 772 385 324 347 873 459 174 387 746 126 060 310 428 462 416 356 714 274 930
9 350 817 228 691 400 204 379 632 483 998 402 945 177 312 325 630 488 690 388 782 308 244




TABLE 9 - Age class distributions of forest-management strategies at the end of the planning horizon (ha). 
Age Strategies 
Classes T1 T2 T3 T4 S1 S2 W1 W2 C1 and VQ1 C2 O1
0-20 538.6 131 327.3 3.4 0 317.5 0 317.8 0 3.4 0
21-40 0 91 0 0 0 0 319.7 0 0 0 24.2
41-60 0.4 109 0 82.5 0 0 157.1 17.8 0 82.5 100.3
61-80 37.8 160 0 55.3 0 0 102.9 62.2 37.8 55.3 92.1
81-100 66.4 152 0 382.5 0 0 63.6 35.4 20.7 363.6 426.6
121-140 0 0 18.7 24.2 24.2 18.7 0 10.4 24.2 24.2 0
141-160 0 0 74.2 14.5 100.3 74.2 0 58.0 100.3 14.5 0
161-180 0 0 39.9 34.7 78.7 39.9 0 37.8 40.8 34.7 0
181-200 0 0 93.4 29.2 212.8 93.4 0 53.9 194.7 36.2 0
201-220 0 0 89.7 16.9 214.1 99.5 0 36.7 211.5 28.7 0
221-240 0 0 0 0 13.1 0 0 13.1 13.1 0 0
Total 643 643 643 643 643 643 643 643 643 643 643
© by PSP Volume 16 – No 8. 2007   Fresenius Environmental Bulletin    
969 
TABLE 10 - Oxygen production rates of forest-management strategies over time (tons). 
Strategies Periods T1 T2 T3 T4 S1 S2 W1 W2 C1 and VQ1 C2 O1 
1 10 306 10 306 10 306 10 306 10 306 10 306 10 306 10 306 10 306 10 306 10 306
2 19 924 20 196 19 585 20 870 19 585 19 585 19 511 19 511 19 626 20 894 20 852
3 21 069 23 692 18 819 31 421 18 819 18 819 19 345 19 374 19 220 30 845 31 610
4 22 617 28 789 18 245 43 253 18 245 18 245 21 588 20 092 19 417 42 005 45 378
5 22 436 31 838 17 805 40 657 17 805 17 805 22 570 21 057 19 849 39 648 43 300
6 22 577 34 335 17 496 35 795 17 496 17 496 26 084 22 211 20 756 35 165 38 790
7 22 616 35 625 17 245 34 999 17 245 17 245 33 248 21 692 21 157 34 541 38 647
8 20 856 34 585 17 056 34 409 17 056 17 056 35 214 20 612 19 639 34 069 37 364
9 20 055 33 743 16 908 32 501 16 908 16 908 40 665 19 918 19 011 32 244 35 285
10 19 448 33 819 16 786 28 772 16 786 16 786 47 552 18 867 18 551 28 578 31 864




TABLE 11 - Visual quality indexes (per hectare) of forest- management strategies over time. 
Strategies Periods T1 T2 T3 T4 S1 S2 W1 W2 C1 and VQ1 C2 O1
1 4.7 4.5 4.9 3.8 5.0 4.9 4.7 4.7 5.0 3.9 3.7
2 4.7 4.3 5.1 3.4 5.2 5.1 4.5 4.7 5.2 3.5 3.0
3 4.9 4.2 5.2 3.9 5.5 5.2 4.6 4.7 5.5 4.0 3.6
4 5.0 4.3 5.4 4.6 5.7 5.4 4.2 4.6 5.6 4.7 4.0
5 5.2 4.4 5.5 5.1 6.0 5.5 3.8 4.8 5.9 5.1 4.5
6 5.3 4.5 5.6 5.3 6.2 5.7 3.9 4.9 6.2 5.3 4.6
7 5.4 4.6 5.8 5.6 6.4 5.8 3.6 5.1 6.5 5.7 5.1
8 5.5 4.7 5.9 6.0 6.7 5.9 3.6 5.2 6.8 6.0 5.3
9 5.6 4.7 6.0 6.2 6.9 6.1 4.3 5.4 7.0 6.3 5.6





Forest management has evolved from relatively classi-
cal timber production approach to multi-functional man-
agement with procedures that reconcile various conflicting 
demands on timber and non-timber resources. Forest man-
agement planning of today has fundamental challenges to 
accommodate the preservation of biodiversity, meeting in-
ternational contracts, satisfying public and industrial de-
mands, such as recreation, wood and oxygen production. 
A prerequisite to produce appropriate solutions being ac-
ceptable by all stakeholders is the inclusion of sustainable 
forest-management practices that take into account ecologi-
cal, economical and socio–cultural values holistically. 
In this study, six appealing forest values including wa-
ter, timber and oxygen production, carbon sequestration, 
soil conservation and visual quality were integrated into 
forest-management planning with linear programming (LP). 
In the applications of LP, while there was a single overrid-
ing management objective, other objectives were expressed 
by constraints. Furthermore, the model developed in this 
study enables the forest managers to reach the different 
objectives and outputs. Forest ecosystem values can be in-
corporated in objective function, thus alternative forest 
management strategies can easily be developed. It is pos-
sible to control ending age-class distribution by various 
allowable cut rates. All forest ecosystem values may be kept 
at desired levels according to the level of public demands 
or environmental laws. The age-class structure in any period 
may be adjusted and controlled for various demands, such 
as protection of old growth forests. It is possible to con-
trol total volumes of wood products in successive periods 
by various allowable cut rates. Another important character-
istic is also that the model enables decision makers to assess 
the trade-offs among forest values by the absolute amounts. 
A number of management strategies were produced and 
analyzed with mathematical optimization technique. Results 
of forest-management planning strategies showed that the 
integration of timber volume policy constraints into timber-
based forest-management planning caused losses in tim-
ber volumes. Increased net carbon sequestration and de-
creased soil losses were attained at a significant cost, in 
terms of forgone timber harvest. Soil losses and water pro-
ductions of forest ecosystems decreased with increase of 
residual basal area of forest stands. When the objective was 
to maximize carbon benefit, then standing volumes in-
creased over time. Long-term protection of forest ecosys-
tems played an important role on the amount of carbon 
sequestration, soil conservation and visual quality values. 
So, some of the stands, potentially candidates for harvest-
ing, were allowed to age over planning horizon. Clear-cut-
tings of forest stands have negative effects on visual qual-
ity. However, the effects on visual quality of clear-cuttings 
depend on largeness of the coupe. It means that visual qual-
ity could be maintained, if clear-cutting is made on small 
regeneration areas. Higher timber growth rates result in 
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more oxygen production. As such, the management strate-
gies would urge the forest to renew at the highest growth 
rate.  
The interactions among forest values are complemen-
tary (e.g. water and timber production) as well as contra-
dictory (e.g. timber production and soil erosion), depend-
ing on the relationships between a forest value and the stand 
structure. The structure of a forest ecosystem may have cer-
tain impacts on various forest values including goods and 
services. There are, however, always a number of conflicts 
among various forest goods and services. So, wood and non- 
wood products as well as services should be explicitly in-
corporated into a forest-management process because mul-
tiple-use forest-management requires that forest ecosystems 
should be managed to generate an optimal mix of forest 
goods and services. In this sense, mathematical optimiza-
tion techniques, such as LP in forest management generate 
an optimal schedule among management decision alterna-
tives. 
In the context of this paper, also some important con-
clusions can be proposed. First of all, the model applied 
here is deterministic. This calls for an evaluation of both 
the biological and the economic risks involved. For ex-
ample, a collapse of a forest stand due to wind, wildfire, 
insects or fungi will affect the net present values, both in 
monetary terms and in those of net carbon balances, and 
timber and water production. Secondly, the forest values 
should also be calculated for different species and stand 
parameters, such as mean stand diameter, leaf area, crown 
closure and number of stems. Thirdly, economic informa-
tion regarding each forest ecosystem value should be in-
corporated into forest-management planning. Such infor-
mation provides an opportunity to forest managers in de-
termining effectiveness of various forest-management plan-
ning strategies. In a multiple-use forest-management plan-
ning, information about decision makers` preferences, pri-
orities and targets for each forest ecosystem value should 
also be determined. Finally, forest-management planning 
model developed here is a non-spatial one in nature, ex-
cluding the effects of activities in adjacent areas. Since 
ecological and environmental considerations are important 
for both society and individual forest-owners or decision 
makers, there is an increasing need to analyze the devel-
opment of the spatial structure of forests and to develop 
means by which spatial objectives can be explicitly included 
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